Abstract: Using concrete as a thermal energy storage (TES) material is a promising option for large-scale solar-thermal resource development and utilization. Specific heat is one of the most important characteristics for TES performance. In this paper, the half-open dynamic method based on the mixing principle is proposed and applied to measure concrete-specific heat at temperatures up to 600 • C. Measurement of the specific heat of corundum ceramic (99% Al 2 O 3 ) is first performed, and the test results illustrate the accuracy and efficiency of the proposed test method. Furthermore, concrete-specific heat tests are carried out at high temperatures. It found that the specific heat increases as the temperature rises, especially, linearly in the range of 300-600 • C, in which the concrete TES module is expected to be in operation. Finally, the effect of concrete-specific heat changes with temperature on its TES capacity is investigated, demonstrating that specific heat is of great significance for concrete TES design for concentrating solar power.
Introduction
Clean energy is one of the most important trends around the world. Solar energy has received tremendous attention as it is clean, widespread, and inexhaustible. Thermal energy storage (TES) is crucial for solar thermal power plants-due to a lack of function at night or in poor weather conditions-and makes continuous stable electric energy output, which gives concentrating solar power (CSP) technology greater competitive strength.
The research group of the German Aerospace Center (DLR) has engaged in study on high-temperature solid-media energy storage since 2006 [1] [2] [3] [4] . It has found that concrete is the most suitable solid-media material for high-temperature storage because of low investment and maintenance costs. Gil et al. [5] also found that concrete is the most promising candidate for solid sensible heat storage material due to its good thermal and mechanical properties and low cost. The material stability and storage performance have been verified in a 20-m 3 concrete module with more than 23 months of operation between 200 and 400 • C and more than 370 thermal cycles [4] . Salomoni et al. [6] have presented guidelines for designing a concrete storage module and its integration into a solar plant. Skinner et al. [7] have carried out experiments to study temperature parameters and physical properties of prismatic concrete with imbedded steel fin tubes between 400 and 500 • C. John et al. [8] conducted thermal cycle tests of concrete and examined their residual compressive strengths which represent the structural stability of concrete. Wu et al. [9] have carried out a series of thermal cycling experiments to study the residual strength of ordinary concrete after exposure to high temperatures. These studies are focused on the mechanical properties of concrete exposed to high temperatures. However, study of the thermal storage capacity of concrete is also significant.
For thermal storage capacity, the specific heat, representing the energy that a unit mass of material needs to increase 1 • C of its temperature, is one of the most important parameters. During the last decade, a lot of work has been carried out on concrete-specific heat. Zhang et al. [10] summarized three methods for calorific properties testing: the conventional calorimetry method, the differential thermal analysis (DAT), and the differential scanning calorimetry (DSC) method. Besides, a simple method named T-history method was developed to measure the specific heat of phase-change materials. These methods require the sample to be homogeneous and of a very small size, and are therefore inappropriate for non-homogeneous and porous materials, such as concrete and rocks.
Pomainowski et al. [11] measured the specific heat of incorporated microencapsulated-PCM concrete with a new experimental method which used a hot plate and a cold plate to control the boundary temperature of concrete. Specific heat of concrete at room temperature (17-31 • C) was tested and it concluded that specific heat changes as the temperature alters. Choktaweekarn et al. [12] proposed a model for predicting the specific heat of fly-ash concrete. De Schutter and Taerwe [13] measured specific heat and thermal diffusivity of hardening concrete. Another approach presented by Bentz et al. [14] , used the known specific heat of the various components of concrete along with the law of mixtures to determine the average specific heat of the non-homogeneous element. This approach provided satisfactory results.
The above-mentioned studies are mainly focused on measuring specific heat of mixed materials at room temperature, while there are few, if any, studies on the specific heat of concrete at high temperature (up to 600 • C). High temperature specific heat of insulating brick has been measured by Long et al. [15] using the half-open dynamic method based on the mixing principle. It shows that the error is less than 6.3% when the method is calibrated with sapphire.
This paper aims at measuring specific heat of concrete at high temperatures and analyzing the influence of concrete specific heat on the thermal energy storage capacity during the charging and discharging process of TES. The rest of this paper is organized as follows: Section 2 first introduces the half-open dynamic method based on mixing principle for high temperature specific heat of large size and heterogeneous mixed material. Test material (concrete blocks) and calibrating material (corundum blocks) are then presented. Section 3 provides the test results and discussions. Section 4 analyzes the influence of temperature-based specific heat of concrete on thermal energy storage capacity of a fictitious concrete storage system, and finally Section 5 gives conclusions.
Test Method and Material

Specific Heat Test Method
Half-Open Dynamic Method Based on Mixing Principle
Mixing principle means immersing a high temperature specimen in water, and then the hot specimen releases heat and the water absorbs heat energy until a new thermal equilibrium is achieved. The specific heat can be calculated according to the initial temperatures of the hot specimen and water and the final thermal equilibrium temperature. Generally, the test requires adiabatic condition, which would be difficult for temperature measuring. A half-open dynamic method can solve this problem.
Putting some hot water (~73 • C) into the insulated container whose top is kept open for convenient operation of the test. The water temperature falls with heat dissipation into the surroundings when it is higher than the environmental temperature. The observed water temperature declines linearly between 73-65 • C as shown in Figure 1 . The slope of the temperature curve indicates the energy dissipation rate of the system. After the specimen is placed in the water, the slope of the water temperature curve is used to suggest the thermal equilibrium between water and the hot specimen. Figure 2 schematically depicts the test system and the position of three thermometers. We heat distilled water which is contained in the opened insulated container to approximately 73 °C and start to record the changes of water temperature. Then we heat the specimen in the electric furnace until it reaches the required temperature T1, and immerse the hot specimen into the water rapidly. The temperature recorder automatically measures and records the water temperature during the heat exchange process in the system. The changes of system mass are measured by the electronic quality recorder with the minimum resolution of 1.0 g and sampling acquisition frequency of 4.0 Hz. 
Test Device and Test Procedure
Formula Derivation
The water temperature varies during the test process is expected as shown in Figure 3 . Before the hot specimen is placed in the water, the water temperature declines linearly (range AB) due to heat released to the environment. Putting the hot specimen into water at point B, the water temperature rises until the system reaches a thermal equilibrium between the water and the specimen at point C and then again declines linearly (range CD) as heat dissipates into the surroundings. As the specimen is placed in the water, the surrounding water rapidly reaches its boiling temperature, changing into gas, and escapes from the system. The reduction of water mass is measured using the electronic quality recorder. Figure 2 schematically depicts the test system and the position of three thermometers. We heat distilled water which is contained in the opened insulated container to approximately 73 • C and start to record the changes of water temperature. Then we heat the specimen in the electric furnace until it reaches the required temperature T 1 , and immerse the hot specimen into the water rapidly. The temperature recorder automatically measures and records the water temperature during the heat exchange process in the system. The changes of system mass are measured by the electronic quality recorder with the minimum resolution of 1.0 g and sampling acquisition frequency of 4.0 Hz. 
Test Device and Test Procedure
Figure 2 schematically depicts the test system and the position of three thermometers. We heat distilled water which is contained in the opened insulated container to approximately 73 °C and start to record the changes of water temperature. Then we heat the specimen in the electric furnace until it reaches the required temperature T1, and immerse the hot specimen into the water rapidly. The temperature recorder automatically measures and records the water temperature during the heat exchange process in the system. The changes of system mass are measured by the electronic quality recorder with the minimum resolution of 1.0 g and sampling acquisition frequency of 4.0 Hz. 
Formula Derivation
The water temperature varies during the test process is expected as shown in Figure 3 . Before the hot specimen is placed in the water, the water temperature declines linearly (range AB) due to heat released to the environment. Putting the hot specimen into water at point B, the water temperature rises until the system reaches a thermal equilibrium between the water and the specimen at point C and then again declines linearly (range CD) as heat dissipates into the surroundings. As the specimen is placed in the water, the surrounding water rapidly reaches its boiling temperature, changing into gas, and escapes from the system. The reduction of water mass is measured using the electronic quality recorder. 
The water temperature varies during the test process is expected as shown in Figure 3 . Before the hot specimen is placed in the water, the water temperature declines linearly (range AB) due to heat released to the environment. Putting the hot specimen into water at point B, the water temperature rises until the system reaches a thermal equilibrium between the water and the specimen at point C and then again declines linearly (range CD) as heat dissipates into the surroundings. As the specimen is placed in the water, the surrounding water rapidly reaches its boiling temperature, changing into gas, and escapes from the system. The reduction of water mass is measured using the electronic quality recorder. Considering thermal balance process of the system between point B and C in Figure 3 , the thermal equilibrium equation is written as
where Q1 represents the heat released from the hot specimen at range BC; Q2 represents the heat absorbed by liquid water; Q3 denotes the heat carried by vaporized water, and it is composed of the phase change energy and absorbed energy of the vaporized water; and Q4 is the heat diffused to the environment. They can be expressed as follows
where the symbols' meaning is given in Table 1 . Table 1 . Meaning of the symbols of Equations (2)- (5). When the concrete specimen with a high temperature is put in water, only the water that directly contacts the specimen is observed to be vaporized in 3-5 s. The water does not boil due to sufficient amount of water in the container. The weight of the test system is automatically recorded by the electronic quality recorder with the sampling acquisition frequency of 4.0 Hz during the test, and its Considering thermal balance process of the system between point B and C in Figure 3 , the thermal equilibrium equation is written as
Symbol Meaning
where Q 1 represents the heat released from the hot specimen at range BC; Q 2 represents the heat absorbed by liquid water; Q 3 denotes the heat carried by vaporized water, and it is composed of the phase change energy and absorbed energy of the vaporized water; and Q 4 is the heat diffused to the environment. They can be expressed as follows
where the symbols' meaning is given in Table 1 . Table 1 . Meaning of the symbols of Equations (2)- (5).
Water temperature when specimen is put in
Specimen temperature when it is put into water T 2 Maximum achieved temperature of the system c wat When the concrete specimen with a high temperature is put in water, only the water that directly contacts the specimen is observed to be vaporized in 3-5 s. The water does not boil due to sufficient amount of water in the container. The weight of the test system is automatically recorded by the electronic quality recorder with the sampling acquisition frequency of 4.0 Hz during the test, and its value at 10 s after the specimen put in water is selected to calculate the weight of vaporized water. Therefore, the weight of vaporized water is obtained as follows
where m 0s is the weight of the test system before the concrete specimen is put in water; m 10s is the weight of the test system at 10 s after the specimen is put in water, and m denotes the weight of the concrete specimen with high temperature. Combining Equation (1) and Equations (2)- (5), the specific heat of the specimen at temperature T 1 is obtained as follows
In order to obtain the specific heat c 1 at high temperature T 1 , the specific heat c 2 at low temperature T 2 is required. Changes of concrete specific heat at temperature in the range of 60 and 100 • C is small, and thus it is assumed constant between 60 and 100 • C in this study. Specific heat c 2 is then calculated:
The specific heat of specimen c 1 at high temperature can be obtained by substituting Equation (8) into Equation (7).
Test Materials
Corundum Blocks
Corundum blocks are used to verify accuracy of the proposed specific heat test system. The corundum block shown in Figure 4a consists of 99 wt % Al 2 O 3 , and its size is 100 × 100 × 7 mm 3 . The mass of the corundum block is 0.350 kg.
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Test Materials
Corundum Blocks
Corundum blocks are used to verify accuracy of the proposed specific heat test system. The corundum block shown in Figure 4a consists of 99 wt % Al2O3, and its size is 100 × 100 × 7 mm 3 . The mass of the corundum block is 0.350 kg. 
Concrete Material
Ordinary concrete with compression strength of approximate 20 MPa is considered in this study. The concrete mixture proportion is given in Table 2 . Granite aggregate is used, and the polycarboxylate superplasticizer is applied in the concrete. Concrete blocks used in the specific heat test have the size of 150 × 150 × 45 mm 3 , which are cut from a standard concrete block (150 × 150 × 150 mm 3 ). The concrete blocks are shown in Figure 4b . 
Test Results
Nine groups of tests with different temperatures is designed in this study, including 100 • C, 200 • C, and ranges from 300 to 600 • C at increments of 50 • C. Three specimens are used for one temperature case. The specimens are placed in a constant temperature electric furnace for 5 h until they achieve uniform temperature T 1 . The initial quality of liquid water is 9.850 ± 0.050 kg and its initial temperature is 65.0 ± 0.5 • C when the specimens are put into the water in the opened insulated container. Table 3 lists the test results of the corundum blocks. Average value of the specific heat is calculated according to the tests of the three specimens under the same high temperature. Relative error between the test results and their average value is also given. The temperature variable curves of water during the test for three corundum blocks exposed to 300 • C and 400 • C are illustrated in Figure 5 . Before the specimens are put into the water, the temperature declines linearly due to heat diffused to the environment. The temperature rapidly increases from about 65.0 to 66.6 • C and 67.3 • C for the cases of 300 and 400 • C, respectively. The system takes approximately 40 s to achieve thermal equilibrium between the water and the corundum block, and then the temperature again decreases linearly.
Corundum Blocks Test Result
The mass variable curves of the system are shown in Figure 6 . The measured curves for the three specimens are close. When the specimen is placed into the water, the system mass shows an instantaneous increase of 0.350 kg which is the weight of a corundum block. Figure 7 shows the specific heat of corundum blocks measured from the tests. Close test results are obtained for three specimens with less than 3.5% relative error between the test values and their average, indicating repeatability and reliability of the experiment for the same case. The specific heat standard values of Al 2 O 3 at different high temperatures provided by the National Institute of Standards and Technology (NIST) [16] system takes approximately 40 s to achieve thermal equilibrium between the water and the corundum block, and then the temperature again decreases linearly. The mass variable curves of the system are shown in Figure 6 . The measured curves for the three specimens are close. When the specimen is placed into the water, the system mass shows an instantaneous increase of 0.350 kg which is the weight of a corundum block. Figure 7 shows the specific heat of corundum blocks measured from the tests. Close test results are obtained for three specimens with less than 3.5% relative error between the test values and their average, indicating repeatability and reliability of the experiment for the same case. The specific heat standard values of Al2O3 at different high temperatures provided by the National Institute of Standards and Technology (NIST) [16] are employed to validate the proposed test method. It is found that the test result is in good agreement with the NIST standard value, and good accuracy of the test method is demonstrated. Table 4 gives the test data of the experiments along with the average value of the specific heat obtained from the three specimens under the same temperature and the relative error of each test. Figures 8 and 9 show the temperature and mass variable curves of the test system for high temperature specific heat measurement of concrete, respectively. The variation of the temperature and mass is similar with those observed from the test of corundum. In the same temperature test case, the water has a higher temperature when it reaches thermal balance due to the concrete block with greater weight containing more energy.
Concrete Blocks Test Result
The high-temperature specific heat of concrete blocks measured from the tests is shown in Figure 10 . The test values of specific heat of the three specimens for the same temperature case is close, and the relative error between them and their average value is smaller than 2.2%.
The specific heat of concrete increases as its temperature rises, which is shown in Figure 10 . Especially, it increases linearly at temperatures in the range of 300-600 • C, in which a concrete thermal energy storage system is expected to be in operation. The specific heat of concrete at temperature 300 • C is about 1055 J/(kg·K), while it shows an increase of 10.0% at 600 • C. For general estimation of the thermal energy storage capacity of concrete, a formula for specific heat is given according to the test results:
where c is the concrete specific heat which is measured in J/(kg·K); T is the temperature with units of • C. R 2 = 0.9964 approaches 1.0, and thus the regression equations are reasonable for fitting the experimental data.
It is noteworthy that thermal energy storage experiences a charging and discharging process and cracks would appear in concrete. The cracks may not change the components and mass of concrete, and thus there is no effect of cracks on the specific heat according to its definition. However, the cracks would vary the conductivity of concrete and significantly change the heat transfer behavior. It brings forward another important issue for thermal storage, which needs further study. 
Influence of Concrete Specific Heat on TES Capacity
According to the test results, concrete has a variable specific heat at different temperatures, which we called temperature-based concrete specific heat. When temperature increases from T0 to T, the heat that concrete needs to absorb is expressed as follows:
where Esto is the thermal energy stored in concrete; m is the mass of concrete; and c(T) is the temperature-based concrete specific heat, i.e., specific heat of concrete at temperature T. Thermal energy storage capacity is one of the most important issues when concrete storage module is designed for CSP plants. Concrete thermal energy storage system is in operation with charging and discharging between high and low temperatures, which results in a variable specific heat of concrete and energy storage capacity of the system. Therefore, the influence of temperature-based concrete specific heat on energy storage capacity of CSP plants must be included in order to produce accurate results.
A 50,000 m 3 concrete storage module with 1100-MWh capacity for a virtual 50 MWel parabolic trough power plant, designed by Laing et al. [4] , is considered herein. The concrete density is approximately 2250 kg/m 3 , and thus the mass of the concrete storage module is about 1.125 × 10 8 kg. The concrete storage module is assumed to be charging and discharging between 300 and 400 °C as shown in Figure 11 .
Heat storage in the concrete storage module can be calculated according to Equation (10) . Figure 12 displays the thermal energy storage capacity of the system within three thermal cycles. For comparison, three cases are considered, i.e., (i) temperature-based concrete specific heat defined by Equation (9); (ii) average value of concrete specific heat at temperatures between 300 and 400 °C; and (iii) concrete specific heat at room temperature. The thermal energy storage of the system varies with temperature changes. The case of temperature-based concrete specific heat shows the most thermal energy storage capacity, which is 10% larger than that from the case of average specific heat and 40% greater than that from the case of room-temperature specific heat. Therefore, understanding concrete specific heat at high temperatures and its changes with temperature are of significance to thermal energy storage capacity design for solar-thermal power stations. Using the temperature-based concrete specific heat to design a concrete storage module may obtain a more realistic thermal energy storage capacity for the system. 
According to the test results, concrete has a variable specific heat at different temperatures, which we called temperature-based concrete specific heat. When temperature increases from T 0 to T, the heat that concrete needs to absorb is expressed as follows:
where E sto is the thermal energy stored in concrete; m is the mass of concrete; and c(T) is the temperature-based concrete specific heat, i.e., specific heat of concrete at temperature T. Thermal energy storage capacity is one of the most important issues when concrete storage module is designed for CSP plants. Concrete thermal energy storage system is in operation with charging and discharging between high and low temperatures, which results in a variable specific heat of concrete and energy storage capacity of the system. Therefore, the influence of temperature-based concrete specific heat on energy storage capacity of CSP plants must be included in order to produce accurate results.
A 50,000 m 3 concrete storage module with 1100-MWh capacity for a virtual 50 MW el parabolic trough power plant, designed by Laing et al. [4] , is considered herein. The concrete density is approximately 2250 kg/m 3 , and thus the mass of the concrete storage module is about 1.125 × 10 8 kg. The concrete storage module is assumed to be charging and discharging between 300 and 400 • C as shown in Figure 11 .
Heat storage in the concrete storage module can be calculated according to Equation (10) . Figure 12 displays the thermal energy storage capacity of the system within three thermal cycles. For comparison, three cases are considered, i.e., (i) temperature-based concrete specific heat defined by Equation (9); (ii) average value of concrete specific heat at temperatures between 300 and 400 • C; and (iii) concrete specific heat at room temperature. The thermal energy storage of the system varies with temperature changes. The case of temperature-based concrete specific heat shows the most thermal energy storage capacity, which is 10% larger than that from the case of average specific heat and 40% greater than that from the case of room-temperature specific heat. Therefore, understanding concrete specific heat at high temperatures and its changes with temperature are of significance to thermal energy storage capacity design for solar-thermal power stations. Using the temperature-based concrete specific heat to design a concrete storage module may obtain a more realistic thermal energy storage capacity for the system. 
Conclusions
In this paper, the half-open dynamic method based on mixing principle is proposed to measure concrete-specific heat at high temperatures (up to 600 °C). The effect of temperature-based concretespecific heat on thermal energy storage capacity of concrete storage module is presented.
The half-open dynamic method based on the mixing principle is calibrated by measuring the specific heat of corundum (Al2O3) at high temperatures and comparing the test results with its standard values provided by NIST. It shows that the proposed test method has good accuracy and efficiency on measurement of specific heat of heterogeneous (concrete or rocks) at high temperatures.
The proposed test method is applied to measure specific heat of concrete at high temperatures. The specific heat of concrete increases as its temperature rises, especially, linearly in the range of 300 and 600 °C, in which concrete thermal energy storage module is expected to be in operation. The specific heat of concrete at temperature 300 °C is about 1055 J/(kg·K), while it shows an increase of 10.0% at 600 °C.
Concrete thermal energy storage modules are in operation with charging and discharging between high and low temperatures, which results in variable concrete specific heat and energy 
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Concrete thermal energy storage modules are in operation with charging and discharging between high and low temperatures, which results in variable concrete specific heat and energy storage capacity of the system. Using the temperature-based concrete-specific heat to design the concrete storage module provides a more realistic thermal energy storage capacity for solar-thermal power plants.
